Mice selected for the maximum acute inflammatory reaction (AIRmax) are highly susceptible to pristane-induced arthritis (PIA), whereas mice selected for the minimum response (AIRmin) are resistant. These lines show distinct patterns of leukocyte infiltration and R and S allele frequency disequilibrium of the solute carrier family 11a member 1 (Slc11a1) gene. In order to study the interactions of the Slc11a1 R and S alleles with the inflammation modulating Quantitative Trait Loci (QTL) during PIA development, homozygous AIRmax RR , AIRmax SS , AIRmin RR and AIRmin SS lines were produced by genotype-assisted breedings. These mice received two intraperitoneal injections of 0.5 ml pristane at 60-day intervals, and the subsequent development of arthritis was assessed for 210 days. Cytokine-secreting cell profiles were investigated using enzyme-linked immunospot. Arthritis incidence in AIRmax RR mice reached 29%, whereas PIA incidence in AIRmax SS mice was 70% by day 180. AIRmin RR mice were resistant, whereas 13.3% of AIRmin SS mice became arthritic. The presence of the defective S allele also increased arthritis severity, although acute inflammation was higher in mice bearing the R allele. A predominant Th0/Th2-type response in Slc11a1 SS mice was observed. These results indicate that Slc11a1 is a strong candidate for the QTL modulating acute inflammation and for PIA.
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease that affects 0.5-1% of the human population. Its etiology remains poorly understood, but the main symptoms are chronic synovitis, joint erosion and several immune abnormalities. Genetic and environmental factors contribute to the development of this disease. 1 Numerous studies have indicated the participation of the MHC class II alleles and non-MHC genes, such as the solute carrier family 11a member 1 (SLC11A1) (formerly named NRAMP1 -natural resistance associated macrophage protein 1) related to macrophage activation. [2] [3] [4] Several studies have used different animal models for arthritis, generally induced by the injection of adjuvants, proteoglycan (PGIA), type II collagen (CIA) or pristane (PIA), 5 to investigate RA-controlling loci. Pristane-induced arthritis (PIA) has proven to be a valuable experimental model for RA. In susceptible inbred mouse lines, such as BALB/c 6 and CBA Igh b , 7 15-25% of the mice developed inflammation of the ankle and wrist joints approximately 200 days after pristane injection. Susceptibility to PIA is CD4 þ T-cell (Th)-dependent 8 and has been associated with increased agalactosyl IgG levels mediated by IL-6 production. 9 It has also been demonstrated that PIA is accompanied by markedly elevated humoral and cellular immune responses to mycobacterial 65-kDa heat shock protein (hsp65). 10 Moreover, the protection against PIA is mediated by Th2-associated cytokines produced after hsp65 preimmunization. 11 Specific pathogen-free CBA Igh b mice do not develop this disease, but when transferred to a conventional environment, they develop arthritis in the same way as CBA Igh b mice conventionally raised from birth, indicating the involvement of environmental factors in PIA. 12 Heterogeneous mice selected for maximum (AIRmax) or minimum (AIRmin) acute inflammatory reaction 13 appeared to be useful models for studying the mechanisms involved in rheumatoid arthritis susceptibility. AIRmax mice are extremely susceptible to PIA, whereas AIRmin mice are resistant. 14 The incidence and severity of PIA in AIRmax mice was similar to that of inbred DBA/1 mice, 15 but more intense than in BALB/c 6 and CBA Igh b 10 mice. In contrast to the immune response profile observed in inbred mice, high IgG1 anti-hsp65 levels were observed in susceptible AIRmax mice, whereas IgG2a was the predominant isotype in the resistant AIRmin mice. Additionally, it was shown that IL-4, IL-6 and TNFasecreting splenic cells were significantly more abundant in AIRmax than in AIRmin animals. IFNg-producing cells, on the other hand, increased in the AIRmin mice only. 14 The SLC11A1 gene has been implicated in human RA susceptibility. 16 Slc11a1 has been described in mice as a major modulator of susceptibility to infectious diseases, and is expressed in macrophages and neutrophils.
17
Slc11a1 is pleiotropic, interfering with macrophage activation, 17 oxidative and nitrosamine bursts, 18 TNFa, IFNg, and IL-1 production, 19 and the expression of MHC class II molecules. 20, 21 The mutation corresponding to the Slc11a1 S allele determines a gly169asp substitution resulting in a nonfunctional protein 22 that promotes an accumulation of ions inside the phagosome that favors pathogen replication. 23 The frequency of the Slc11a1 S allele was 25% in the founder population (F0) of the selection experiment, but shifted to 60% in AIRmin and to 9% in AIRmax after 30 generations of selective breeding. Our results suggest that these frequency changes were the result of selection processes, and implicate this gene, or other closely linked genes, in the control of the acute inflammatory reaction intensity. 24 In order to study the interaction of the Slc11a1 alleles with the acute inflammation modulating Quantitative Trait Loci (QTL) during PIA development, homozygous AIRmax RR , AIRmax
SS
, AIRmin RR and AIRmin
lines were generated by genotype-assisted breeding. These mice were evaluated for acute inflammation and arthritis susceptibility, as well as for cytokine-producing cells.
Results
Slc11a1 allele frequency in AIRmax PIA-resistant and AIRmax PIA-susceptible mice and chromosome 1 microsatellite analysis The investigation of Slc11a1 allele frequencies in heterogeneous AIRmax mice submitted to PIA demonstrated a higher percentage of the S allele in susceptible (71%) than in resistant AIRmax mice that are all homozygous for the R allele ( Figure 1 
Pristane-induced arthritis
AIRmax mice bearing the Slc11a1 R allele were more resistant to PIA than homozygous AIRmax SS mice. This modulation was observed for the incidence (Figure 3a ) 
AIRmin
RR and AIRmin SS mice. Mice (12 per group) were injected with 0.75 ml Biogel and the exudate was recovered after 24 h. Cell numbers were determined using a Malassez chamber, and protein concentrations, expressed as OD units, were determined by spectrophotometry (280 nm). *Po0.05 (ANOVA comparison among the groups).
and for the severity phenotypes (Figure 3b) , where the values observed for AIRmax RR mice were approximately half of those of the AIRmax SS line in three independent experiments of arthritis induction. PIA incidence in AIRmax SS mice was 70.6% by 180 days, whereas the incidence of PIA in AIRmax RR mice reached 29.4% by day 150. AIRmin RR animals were resistant to PIA, whereas 13.3% of the AIRmin SS mice were affected by day 180. Figure 3b demonstrates that AIRmax SS mice had significantly higher PIA severity scores than the AIRmax RR animals from day 180 (P ¼ 0.0443) to day 210 (P ¼ 0.0257). Similarly, a significant difference in severity was observed between AIRmin RR and AIRmin SS mice.
Cytokine-secreting spleen cells
In order to evaluate the effects of Slc11a1 alleles on cytokine production during PIA development, mice were submitted to the pristane-induced arthritis protocol and the number of splenic IL-6, IL-12, IL-4 and IFNg-secreting cells were determined by enzyme-linked immunospot (ELISPOT). The numbers of IL-6 and IL-12-secreting cells were higher in AIRmax RR and AIRmax SS mice than in their two counterpart lines (Figure 4 ). All lines had more IL-4 than IFNg-secreting cells, although the susceptible AIRmax SS mice had IL-4/IFNg-secreting cell ratios twice as large as those seen in the other lines on day 10 ( Figure 5) . In control animals, the numbers of IL-6, IL-12, IL-4 and IFNg spots were similar to the nonspecific spots in the blank wells. 
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RR and AIRmin SS mice. Mice (four per group) received two i.p. 0.5 ml pristane injections at 60-day intervals. Cytokine-secreting cells were detected by ELI-SPOT assay and differences among groups were analysed by ANOVA. In the control animals, numbers of IL-6, IL-12, IL-4 and IFNg spots were similar to nonspecific spots in the blank wells. *Po0.05 (ANOVA comparison among the groups). Slc11a1 gene modulates acute inflammation and arthritis in mice LC Peters et al
Discussion
Our results suggest that Slc11a1 alleles are involved in both acute and chronic inflammatory reactions, and demonstrate for the first time, the involvement of this gene in PIA development in mice. The use of selective breeding starting from heterogeneous stocks is an important model for gene interaction studies. 25 In the present work, AIRmax and AIRmin lines made homozygous for the Slc11a1 R and S alleles through selective genotype crosses, while still maintaining their heterogeneous genetic backgrounds, were used to demonstrate the contribution of these alleles to alterations in the intensity of acute inflammatory reaction. It was shown that the R allele in homozygosis is associated with a more intense neutrophil influx (Figure 2 ). These mice maintained the same polymorphism pattern of the parental AIRmax and AIRmin lines for all the microsatellites examined in chromosome 1. Thus, the modification of the inflammatory response observed among the homozygous lines can be attributed to Slc11a1 or to another closely linked gene. Additionally, a significant frequency deviation of the Slc11a1 R and S alleles was demonstrated previously in the original AIRmax and AIRmin lines. Most of the AIRmax animals carry the R allele, while 90% of AIRmin animals carry the S allele. 24 This differential allele segregation suggests that this chromosomal region harbors an acute inflammation modifier QTL. The Slc11a1 gene is the obvious candidate, mainly owing to its role in macrophage activation, 17 in addition to Il8rb, which is located in the same region (mouse genome database, www.informatics.jax.gov). However, no microsatellite polymorphisms between the lines could be observed for Il8rb in the present study (not shown).
The Slc11a1 gene effect in PIA development depends on the genetic background of the mice. CBA 7 inbred mice bearing the R allele are susceptible to this disease, whereas arthritis incidence in BALB/c 6 and DBA/1 15 mice bearing the S allele is about 15 and 80%, respectively. Overall, AIRmax animals had the highest PIA incidence, 14 suggesting the involvement of other AIR QTL in arthritis progression.
Studies carried out during the selective process of AIRmax and AIRmin lines, in F1 (AIRmax Â AIRmin) hybrids, and in F2 intercross populations 26 suggest the involvement of seven and 11 QTL controlling protein and cell influx, respectively. As mentioned previously, the Slc11a1 gene region could be one of these QTL. 24 The identification of the loci influencing RA in animal models is important for parallel genetic studies in humans. In mice, several loci were identified in different models of experimental arthritis. The involvement of acute inflammation 14 and antibody production QTL 27 were demonstrated in PIA development, as well as many other QTL in arthritis models such as those induced by Borrelia burgdorferi, 28 PGIA 29 and CIA. 30 Rheumatoid arthritis is a chronic inflammatory and autoimmune disease characterized by cell accumulation in the sinovium, complement deposition and the production of several proinflammatory cytokines. 31 The main inflammatory cytokines involved in this disease are TNFa, IL1b, and IL6. 32 In our model, there was an increase in IL6 and IL12 splenic-secreting cells in both AIRmax sublines at 20 days of PIA induction (Figure 4) . These results corroborate our previous studies, where AIRmax mice produced higher amounts of these proinflammatory cytokines in both ex vivo 14 and in vitro experiments, 33 as compared to AIRmin mice. T cells play an important role in the pathology of this disease. 34 Our results demonstrated that the presence of the S allele in AIRmax mice determines a doubling of the IL-4 /IFNg-secreting cell ratio seen in mice bearing the R allele, suggesting a preferential Th0/Th2 activation related to a chronic inflammatory state ( Figure 5 ). This same profile was previously observed in this model and in mice selected for high antibody response. 35 However, the participation of the Th1-type response in the susceptibility to PIA was also observed in other mouse models, with arthritic animals producing higher levels of IFNg and IL-2 in comparison to resistant mice. 7 In relation to the Slc11a1 allele effect on the modulation of cytokine production, studies on Salmonella enterica serotype Typhimurium infection suggest that the resistance of Slc11a1 R mice is due to an increased production of IFNg and IL-12 by the macrophages, 19 whereas in attenuated Salmonella vaccination experiments the S allele favored IL-4 and IgE production. 36 Recently, the Slc11a1 S allele was implicated in Th2 polarization during Salmonella infection. 37 As such, our experiments suggest that the Slc11a1 R allele could aid acute inflammation, while the Slc11a1 S allele promoted a chronic inflammatory state.
Our results demonstrate the effect of the Slc11a1 gene on PIA development in mice, as well as on the acute inflammatory reaction. This gene was also observed to modulate the cytokine profile during PIA progression.
Materials and methods

Mice AIRmax
RR
, AIRmax
SS , AIRmin RR and AIRmin SS lines were produced by Slc11a1 genotype-assisted crosses. AIRmax and AIRmin mice from the original selection were also used for chromosome 1 microsatellite polymorphism analysis. All experiments were carried out with equal numbers of male and female mice (2-3-months-old) maintained under conventional conditions in our animal facilities. All procedures involving animals were approved by the Committee for Ethics in Animal Experimentation of the Instituto Butantan.
Slc11a1 genotyping and microsatellite polymorphism analysis Genomic DNA (50 ng) was amplified by polymerase chain reaction (PCR) using 20 mM of the common 5 0 -ACAGCCCGGACAGGTGGG-3 0 forward primer, with 20 mM of either the Slc11a1 S allele-specific 5 0 -ACG CATCCCGCTGTGGGA-3 0 or with the R allele-specific 5 0 -ACGCATCCCGCTGTGGGG-3 0 primers. PCR conditions were: 3 min at 941C, followed by 27 cycles of 20 s at 941C, 20 s at 601C, 20 s at 721C, and a final extension at 721C for 7 min. 38 The 650-bp fragments were analyzed in 1% agarose gels containing 1.5 mg/ml ethidium bromide. D1Mit64, D1Mit211, D1Mit124, D1Mit303, D1Mit132, D1Mit49, D1Mit36, D1Mit291, specific primer pairs were purchased from Research Genetics (Huntsville, AL, USA). After PCR amplification, fragments were visualized on 12.5% polyacrylamide gels containing ethidium bromide.
Acute inflammatory reaction Animals were shaved, and 750 ml of a sterile 67% suspension (53 mg dry weight/ml) of Biogel P100 (Biorad, Hercules, CA, USA) in phosphate-buffered saline (PBS) were injected subcutaneously (s.c.) into their backs. After 24 h, the pouches were rinsed twice with 1 ml PBS containing 20 U/ml heparin and the local exudate was collected. Biogel beads were allowed to sediment, and then nucleated cells were counted in Malassez chambers in an aliquot of the supernatant diluted in 1% acetic acid.
Pristane-induced arthritis
Mice were injected twice intraperitoneally with 0.5 ml of the nonimmunogenic mineral oil pristane (Sigma Chemical Co., San Diego, CA, USA) at 60-day intervals. Arthritis development was examined twice weekly for 210 days, by recording arthritis incidence and maximal severity scores for each paw. Severity scores, given for each paw, were: 0 -no signs of arthritis; 1 -mild swelling of the toes or ankle joint; 2 -moderate swelling; 3 -severe swelling and/or ankylosis. The maximum score for any animal was 12. Phenotypes were assessed twice weekly by two independent observers, and animals were considered arthritic when the mean score given by the two observers was equal to or higher than 2.
Cytokine enzyme-linked immunospot assay Enzyme-linked immunospot (ELISPOT) assay was used for counting single cytokine-secreting cells. Spleen cells from phosphate-buffered saline (PBS)-or pristane-treated mice were evaluated for IL-6, IL-12, IL-4 and IFNgspecific spot-forming cells. The cytokine ELISPOT assay was performed according to Jensen et al. 27 Multiscreen HA 96-well nitrocellulose-based plates (Millipore Corp., Molsheim, France) were coated overnight with capture monoclonal antibodies (mAb) anti-IL-6, IL-12, IL-4 or IFNg (5 mg/ml in PBS). After blocking with RPMI plus 5% fetal calf serum (FCS) for 1 h at room temperature, spleen cells were isolated from PBS-or pristane-treated mice 10, 20, and 75 days after the first injection and incubated (5 Â 10 5 and 10 6 cells/well in duplicate) for 20 h at 371C in a CO 2 incubator. Plates were dipped in PBS-Tween for 5 min, washed, flicked and dried with filter paper. Incubation with the respective biotinylated detection mAb (2 mg/ml) was carried out for 1 h at 371C, followed by 45-min incubation with avidin-alkaline phosphatase (Sigma Chemical Co., San Diego, CA, USA) at room temperature and repeated washing. All capture and detection mAb were purchased from Pharmingen (San Diego, CA, USA). Spots were developed with 5-bromo-4-chloro-3-indolyl phosphate (5BCIP) in AMP buffer (1 mg/ml) (Sigma Chemical Co., San Diego, CA, USA) and counted using a stereomicroscope. Results were expressed as mean spots7s.e./10 6 spleen cells. Wells incubated with either no cells or nontreated cells were used as blanks and negative controls, respectively.
Statistical analysis
Group values in the ELISPOT assay were compared by analysis of variance (ANOVA) followed by Tukey's multiple comparison tests. Phenotypic means for the lines were compared by the Mann-Whitney U-test. Significance of R and S allele frequency disequilibrium was estimated by Fisher's exact test. Differences were considered significant when Po0.05.
